Introduction
All six species of marine turtles found within Australian waters are listed as species of conservation concern under the Environmental Protection and Biodiversity Conservation Act 1999 and in Queensland waters under the Queensland Nature Conservation Act 1992. The monitoring of marine vertebrates, particularly marine turtles, in water can be expensive. Peltier et al. [1] assessed the quantitative significance of stranding events as an estimation of the fraction of cetacean carcasses that were drifting as opposed to those that washed ashore. They found that 57% and 87% of stranded common dolphins originated from within the 100 m and 500 m isobaths, respectively [1] . This suggested that stranding data may be used to identify trends and potential issues occurring in the near-shore environment but inferences about at-sea-deaths cannot be drawn.
Strandings can occur for a variety of reasons including ingestion of synthetic materials, vessel strike, coastal development, tourism, increased incidence of disease, incidental catch in shark control program gear, and incidental capture in recreational and commercial fisheries gear [2] [3] [4] [5] . The identification of impact frequency and magnitude is necessary to assess potential consequences of human activities when developing management measures [6] . However, human impacts have a greater effect near shore [4, 6, 7] potentially positively skewing prevalence of anthropogenic causes when assessing stranding data alone.
Journal of Marine Biology
It has been suggested that marine turtle stranding numbers follow seasonal trends influenced by weather events as well as land-based and at-sea seasonal activities. There have been links made between extreme weather and increased strandings [8] [9] [10] .
This study investigated 18 years of marine turtle stranding data along the Queensland coast, compiled using the StrandNet database. The overall trend of strandings, sex, age class, and species distributions for season and known environmental impacts at selected locales were examined to interrogate the database for any variances in stranding that may elucidate factors involved in stranding events.
Methods
13854 turtles were reported stranded between 1996 and 2013 along the eastern Queensland coast. For each turtle a minimum of age, sex, species, fate of carcass, location, and time and cause of stranding was recorded.
Data.
StrandNet is the Queensland Government's Department of Environment and Heritage Protection (EHP) statewide database which records dead, sick, and injured threatened marine animals for the entire coast of Queensland and adjacent Commonwealth waters. Records are received from members of the public and employees of EHP, Queensland Parks and Wildlife (QPWS), Queensland Department of Agriculture and Fisheries (DAF), and the Great Barrier Reef Marine Park Authority (GBRMPA). Information is collated and stored in this central database. Once reports are entered by on-ground staff the information available is verified by regional and state coordinators for standardisation.
Biometrics (Age, Sex, and Species).
Standard measurements such as curved carapace length (CCL) and tail to carapace length (TCL) were collected [11] .
Sex was determined by gonad examination by trained personnel either on site or using photographs or measurements [12, 13] .
Species was determined as one of six turtle species including subspecies ( (Figure 1 ). The east coast of Queensland was selected as it has a long term and complete dataset with data collection biased to regions of survey and higher populations. This limitation is openly acknowledged by Meager and Limpus [10] but considered valid as a representative of a minimum recovery rate and indicative of trends occurring. 
Time.
The date a turtle was reported stranded was used as a proxy of time of death providing month and season: Summer (December to February), Autumn (March to May), Winter (June to August), and Spring (September to November).
Cause of Stranding.
The term "stranding" is used here to incorporate all reported sick, injured, incapacitated, or dead marine turtles that either were found ashore or, in rare cases, were encountered at sea. It included turtles which were entangled in fishing nets and synthetic debris or rescued from a situation where they would have died had it not been for human intervention [16] . Within StrandNet, the primary cause of death/stranding was identified based on gross examination, photograph, and/or necropsy by trained personnel. Cause of stranding identified in StrandNet was based on the summation of information available.
Statistical Analyses

Biometrics (Age, Sex, and Species)
. Animals were pooled into four age classes, as follows: small immature, large immature, adult sized, and unknown. Age class is only an approximation of maturity. It does not confirm reproductive development. The breakdown of age class for loggerheads was adapted from Limpus et al. [17] and hawksbills [18] and other species were adapted from Limpus et al. [11] .
Animals were pooled based on gender as males, females, and unknowns. Unless an internal gonadal examination was conducted, animals were sexed based on TCL and CCL measurements. Sex determination was based on the ratio of these two measurements [11, 12, [17] [18] [19] .
Gender did not exhibit sexual dimorphism for any age class, so subsequent analyses for sex were pooled.
Location.
The latitude recorded in StrandNet was used to map the occurrence of strandings along the coast to identify the distribution and highlight potential "hotspots." As the exact location where a stranding was reported was not necessarily where the impact/incident occurred, strandings were grouped into latitudinal blocks of 0.5 ∘ to account for this potential error.
Time.
Boxplots were used to illustrate the number of turtles stranded per month across all years. This was done to illustrate potential seasonal trends.
Rates of strandings throughout the year were compared using chi-squared tests to determine variance between expected and observed rates for each species. Expected rates were defined to be equal distribution throughout the year for each group analysed.
The same test was applied to evaluate if there was a difference between the age classes of each species. It was expected that the total number of strandings would be evenly distributed throughout the year. Expected values were rounded up to the nearest whole number. All statistical analysis was performed using R [20] .
In order to assess the seasonality of trends, the series was broken down into its three components, using the "decompose ()" function in R: trend, seasonal effect, and randomness. The series was seasonally adjusted by subtracting the estimated seasonal component from the original data. This data was then plotted to show the trend and the irregular components [21] .
Autocorrelation function techniques were used to visually display potential seasonal patterns with the data.
Causes of Stranding and Mortality.
The identified causes of "mortality" were grouped into six categories: unknown, natural, release, rehabilitation, anthropogenic, and depredation. Descriptive statistics were used to compare between season, year, age, and sex.
Results
A total of 13854 marine turtle strandings records from 1996 to 2013 were examined.
Biometrics (Age, Sex, and Species).
Total number of strandings for each species and age class showed that the observed number was significantly different to the expected numbers of loggerhead small immature, loggerhead adult sized, loggerhead large immature, green large immature, and green adult sized, green small immature, and unknown species (Table 1) .
More small immature green and unknown species were observed while fewer large immature green and loggerhead turtles stranded when comparing 1996 to 2013 ( Table 2) .
The most commonly reported stranded marine turtle species were green (69.6%, 9641/13854, 95% CI 0.69-0.70), 
Location.
The majority of strandings occurred in the −27.0, −23.5, and −19.0 latitudes, corresponding with coastal big cities and catchment outflows. Latitudes outside of these hotspots showed that there were peaks in different latitudes during different years. These peaks were of a smaller magnitude and not consistent.
3.3.
Time. The number of strandings over time from 1996 to 2013 showed seasonal variation with peaks in October and troughs in March-June (Figures 2 and 3) . Examination of data for green strandings shows that different age classes had different timing for peaks of strandings. Adults and large immature turtle strandings peaked in October while small immature turtle strandings peaked in August. The observed number of strandings for this species varied significantly throughout the year for all years with the exception of 2000 ( 2 = 17.79, df = 11, and = 0.0868). Loggerhead turtles showed some variance to this pattern with two cycles annually.
Observed (1st plot) stranding has a general upward trend (2nd plot) and a strong seasonal component (3rd plot) (Figure 4) .
For all strandings the largest seasonal factor was October (28.82) and the lowest was March (−22.36), indicating peak in strandings in Spring and a trough in strandings in Autumn each year (Figure 4) .
Autocorrelation techniques support the significant strong annual cycle to marine turtle strandings at the state level seen in Figure 4 . It also highlighted certain latitudinal blocks (Cairns, Bowen/Proserpine Gladstone/Rockhampton, Hinchinbrook, Innisfail, and Sunshine Coast).
3.4.
Cause. Natural causes contributing to mortality have varied since 1996. The proportion of anthropogenic and unknown causes of death has declined. The proportion of depredated animals and animals released on site has remained consistent. The number of animals sent to rehabilitation has increased over the years ( Figure 5 ).
3.5.
Species. The number of green turtles which have been reported stranded has increased from 1996 to 2011 but subsequently decreased (Figure 2) . The proportion reported has remained consistent, with a small increase, ranging between 60 and 75% ( 2 = 0.0949). The number of loggerhead turtles which have been reported stranded has fluctuated since 1996 (Figure 2 ). There has been a decrease in the proportion of loggerheads that have stranded since 1996 ( 2 = 0.7609). The observed number of monthly turtle strandings between years showed a significant difference to the expected numbers of green strandings ( 2 = 624.82, df = 187, and < 0.001), loggerhead strandings ( 2 = 278.72, df = 187, and < 0.001), hawksbill ( 2 = 228.39, df = 187, and < 0.001), and unidentified turtles ( 2 = 742.62, df = 187, and < 0.001).
Total number of observed strandings between years showed a significant difference to the expected numbers of green turtles ( 2 = 2789.45, df = 17, and < 0.001), hawksbill ( 2 = 233.85, df = 17, and < 0.001), loggerhead 
Discussion
Overall this study found temporal, spatial, and age related patterns in the numbers of marine turtle strandings. Given these recurrent patterns, further investigation is warranted to develop models that predict the resultant increases in the numbers of strandings from each of these confounding factors to determine when to mitigate negative impacts. This study shows years of elevated strandings for all age classes in marine turtles in general and specifically all age classes of green turtles and loggerhead turtles (Table 1) .
Between 1996 and 2013 the most frequent species recorded as stranded were green and loggerhead ( = 10722, 77%); and of the 13854 turtles reported stranded on Queensland coastline, there was a prevalence of dead green turtles, irrespective of age class (69.6%). Both of these species are common residents of Queensland waters, whereas the olive ridley, black, and leatherback have relatively lower population numbers within these waters [2, 19, [22] [23] [24] [25] (Table 2) .
The increase in the numbers of juvenile green turtles which strand over the 18-year study could be due to several issues including the increase or development of emerging age specific impediments and increase in the size of the population. This could be influenced by small immature turtles being immunologically naive and susceptible to environmental stressors. New diseases or the coastal and catchment urbanization and climate change that Queensland is experiencing may be impacting this least robust cohort of the population [3, 8, 26] .
When pooled for age classes there is a visible cyclical trend of strandings occurring through the year for all turtles, greens, hawksbills, and unknown species. This uneven distribution throughout the year indicates that there may be underlying confounding processes linked to season that is influencing the rate of stranding (Table 1) . Time series analysis ( Figures 2 and 4) showed that turtle stranding is cyclical across years with more turtles stranding during the months coming out of winter (August to November) and fewer turtles stranding in the months when waters start to cool (April to June). Further periods of unusual extreme weather may result in outliers in these normal seasonal patterns [8] [9] [10] 27] . These outliers warrant independent investigation as they relate to periods of increased need for resources and rehabilitation if turtle deaths are to be minimized by intervention.
Strandings were distributed along the Queensland coast in localised "hotspots." These hotspots correspond to the semienclosed embayments of Moreton Bay, Hervey Bay, Rockhampton region, and Cleveland Bay. The hotspots are also in the vicinity of major catchments areas along the coast including the Brisbane, Fitzroy, Burnett, and Burdekin Rivers. This is important because it highlights where extra resources are required and brings in local areas which warrant further investigation.
The number of animals without an identified cause of death has remained at a high level since 1996. This could be due to the condition of the carcasses when they are found, inexperienced observers, or a lack of funds/resources to conduct adequate analysis. The identification of causes of mortality is an essential step involved in the understanding of the health of individuals and the long term health of the population [28] and, in turn, can be used as a sentinel of environmental health [29] and management priorities.
Through the years there has been an increase in the number of animals which have been sent to rehabilitation centres ( Figure 5 ). This has correlated with a shown need and resultant increase in the number of centres which provide care. Despite this there has been no study conducted into the proportion of these animals which are released and survive or subsequently restrand. It is of particular interest to know the overall benefit of rehabilitation.
Anthropologic causes of death have decreased over the years which supports the hypothesis that current management actions such as go slow zones, TEDs, protection areas, and net attendance rules are successful as mitigation strategies ( Figure 5 ). The other identified causes of stranding have remained at a low level.
Even though the number of dead turtles that strand is only an index on the actual number of animals which die in total [1, 30] , monitoring stranding of marine turtles along the coastline provides a powerful first-line tool in gathering data to make management decisions. It is now imperative that this data be used to advance other tools such as modelling to accurately predict important habitats, patterns, needs, and resource allocation to mitigate marine turtle deaths. As marine turtles are facing the same threats globally, this strategy could be implemented elsewhere and used as a uniform stepwise approach to objectively assess coastline and rehabilitation centre management. Once implemented, success needs to be measured over medium to long term (10 years) trends and be treated as a dynamic plan that is adjusted as any issues are identified.
This study showed the lowest stranding rates that occurred in the large immature population of marine turtles in Queensland but all of the population is influenced by annual seasonal effects with stranding rates being exacerbated by extreme events.
